ABSTRACT: The normalized change in ultrasonic "natural" velocity as a function of stress and temperature was measured in a unidirectional laminate of T300/5208 graphite/ epoxy composite using a pulsed phase locked loop ultrasonic interferometer. These measurements were used together with the linear (second order) elastic moduli to calculate some of the nonlinear (third order) moduli of this material.
INTRODUCTION
ONLINEAR ELASTIC MODULI are important physical properties in convenNtional materials. They provide information about the interatomic bonding forces in crystalline solids. Nonlinear properties are also important in the nondestructive determination of applied and residual stress (strain) and several investigations have also established a possible relationship between nonlinear elastic properties and ultimate strength in aluminum and carbon steel [1, 2] . Conventional mechanical testing does not have sufficient sensitivity to measure the nonlinearity in the mechanical behavior in most materials. However, the effects of nonlinear elasticity on elastic wave propagation such as harmonic generation, elastic wave interaction, and velocity dependence on applied stress or temperature can be used to characterize these properties.
In this research, an effort was made to determine the nonlinear elastic moduli of a unidirectional T300/5208 graphite/epoxy composite. This Kriz and Stinchcomb [3] for a transversely isotropic composite material. However, in this work, the fiber axis was designated as the x, direction as indicated by Figure 1 . The ultrasonic measurements demonstrated deviations from transversely isotropic behavior. Therefore, the stiffness moduli were also calculated using orthotropy as the elastic symmetry model. The stiffness moduli for this material for both the transversely isotropic and orthotropic symmetry models are presented in Table 2 . The large uncertainties in the C13 and C23 moduli are due to the large uncertainties in the velocity measurements of the off axis non-pure mode waves needed to calculate these moduli. These measurements were made on specimens cut with the direction of propagation 45 degrees between the xl and x, axes. The linear elastic compliance moduli were determined using strain gage measurements and uniaxial compressive quasi-static loading. The measured moduli are presented in Table 3 . Again, there was a small deviation from transversely isotropic behavior. The stiffness moduli were inverted and compared with the compliance moduli and were found to be in good agreement.
NONLINEAR (THIRD ORDER) ELASTIC PROPERTIES
Using the linear elastic stiffness and compliance moduli, the nonlinear elastic moduli can be calculated from measurements of the stress dependence of the ultrasonic &dquo;velocity.&dquo; The &dquo;natural&dquo; velocity ( i~ was defined by Thurston and Brugger [4] as the velocity referred to the unstressed or natural state. It is given by where La is the specimen length in the natural or unstressed state and t is the time Table 2 . Linear elastic stiffness moduli. [5] , is shown schematically in Figure 2 . The heart of the P2L2 is a voltage controlled oscillator (VCO) which generates a continuous wave signal of a frequency that is controlled by a D.C. input signal. A portion of the signal from the VCO is gated out into a tone burst and is then used to excite the ultrasonic transducer. The resulting elastic wave is launched into the sample and is then detected either by the same transducer in the pulse echo mode or another transducer in the through transmission mode. The received signal is input into the P2L2 where it is phase compared with the signal from the VCO at a preselected phase point using a sample and hold. [6] is given by where a is the applied stress which is either hydrostatic or uniaxial. The SACs were measured for twenty-seven combinations of stress, direction of propagation and polarization of the ultrasonic wave. To differentiate between these, each SAC is given three subscripts. The first represents the direction of applied stress which was limited to being along one of the three coordinate axes. A 0 for this subscript implies that the loading was hydrostatic. The second subscript gives the direction of propagation and the third gives the polarization direction. These were also limited to being pure mode waves along the three coordinate axes. The direction of propagation was always perpendicular to the direction of loading for the uniaxial SAC measurements which were made under compression. The same specimens that were previously described were used for these measurements.
During the uniaxial SAC measurements, the specimens were loaded to between 80 and 100 MPa. The loading rate was varied considerably ( Figure 5 .
The hydrostatic SAC measurements were made in a similar fashion except that the pressure chamber was limited to a maximum of 250 psi. This was about a factor of fifty lower than the uniaxial maximum stress. This much lower pressure produced smaller velocity changes making these measurements much more Table 4 with a typical curve shown in Figure 6 . The block diagram of the measurement system is shown in Figure 7 . For these small pressure changes the relationships were all linear.
The effect of temperature on the &dquo;natural&dquo; velocity was also measured for small variations about room temperature. The apparatus used for these measurements was the same as that used in the hydrostatic measurements. The temperature was increased above room temperature several degrees C in 0.3 C steps using the heaters and temperature controller in the pressure vessel system. The frequency shift was measured at each point after thermal equilibrium was attained. The Thermal Acoustic Constants, defined as where T is temperature, are given in Table 5 . The second and third subscripts give the direction of propagation and polarization respectively. They were measured for nine combinations of propagation direction and polarization. The curves all exhibited linear relationships.
The Stress Acoustic data was used to determine some of the nonlinear elastic moduli for this material. Since the linear elastic moduli and the SAC data exhibited small deviations from transversely isotropic behavior, the moduli were calculated for both the transversely isotropic and orthotropic elastic symmetry models. For the case of transverse isotropy, there are nine independent third order moduli while for orthotropy there are twenty. However, because H033 was unable to be determined, several of the moduli could not be calculated. The transversely iso- tropic C133 and C333 and the orthotropic C133, C233, C333, C123, and C456 could not be determined.
The theoretical basis for these calculations comes from the work of Thurston and Brugger [5] 
SUMMARY AND CONCLUSIONS
This research provides initial measurements of the characterization of the nonlinear elastic properties of graphite/epoxy composites using ultrasound. These will provide the basis for studying the relationships between nonlinear properties and more important engineering properties such as ultimate strength, residual 
